Synaptic plasticity is the cellular mechanism underlying learning and memory formation. Dudilot et al. demonstrate that the differential phosphorylation of RCAN1, an endogenous regulator of calcineurin, controls synaptic plasticity. Their results close a prominent gap in our understanding of the signaling pathways engaged in synaptic plasticity.
INTRODUCTION
Calcineurin (also called PP2B) is a calcium and calmodulinactivated serine/threonine phosphatase whose activation is involved in the induction of N-Methyl-D-aspartic acid-receptor (NDMA-R)-dependent long-term depression (LTD) [1] . While the activation of calcineurin is important for the induction of LTD, its inhibition is a necessary prerequisite for the induction of long-term potentiation (LTP) [2, 3] . However, the underlying molecular mechanism responsible for calcineurin inhibition in LTP and calcineurin activation in LTD has remained elusive.
The activity of calcineurin can be controlled by the endogenous regulator of calcineurin, RCAN1 (regulator of calcineurin 1). RCAN1, also known as DSCR1 (Down syndrome critical region 1) was cloned in an attempt to characterize the genes on human chromosome 21 that are affected in Down syndrome [4] . RCAN1 is highly expressed in heart and brain, where its expression is further increased during nervous system development [4] . In neurons, RCAN1 localizes to the somatodentritic region and postsynaptic spines [5] , therefore making it an ideal candidate for the regulation of postsynaptic calcineurin activity. RCAN1-deficient mice display deficits in learning and memory formation as well as impairment of late LTP [6] . Surprisingly, transgenic mice constitutively overexpressing RCAN1 have a very similar phenotype [7] , suggesting that a simple dosage effect is insufficient to explain RCAN1-dependent regulation of calcineurin activity and its role in synaptic plasticity.
Several studies in non-neuronal cell types have shown independently that RCAN1 can act as an inhibitor as well as a facilitator of calcineurin activity [8] [9] [10] [11] . Increased inhibition of calcineurin by RCAN1 is caused by PKA-dependent RCAN1 phosphorylation at serine 93 (S93) [9] , while facilitation of calcineurin activity is caused by GSK3b-dependent RCAN1 phosphorylation at S108 [8, 10, 11] .
Given this dual function as inhibitor or facilitator of calcineurin activity, we propose that RCAN1 could act as a switch in the regulation of bidirectional synaptic plasticity. Interestingly, GSK3b is involved in LTD induction [12, 13] , while PKA activation is an important event for LTP induction [14, 15] . Thus, two kinases known for their involvement in LTD and LTP have the capacity to regulate the role of RCAN1 as an inhibitor or facilitator of calcineurin activity. We therefore hypothesize that the differential phosphorylation of RCAN1 is a necessary event for controlling calcineurin activity in neurons and a prerequisite for the induction of bidirectional synaptic plasticity.
RESULTS
GSK3b-Dependent Phosphorylation of RCAN1 S108 Affects Synaptic Transmission by Regulating Calcineurin Activity Viral expression of GFP-tagged RCAN1 in dissociated hippocampal neurons revealed that RCAN1 localizes to dendrites and spines (Figure S1, related to Figure 1 ), like previously described [5] . Expression of GFP-tagged RCAN1 in CA1 neurons of organotypic hippocampal slice cultures did not affect a-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid-receptor (AMPA-R) or NMDA-R-dependent synaptic transmission ( Figure 1A ). Since RCAN1 becomes a facilitator of calcineurin activity upon phosphorylation at S108, we created an S108 phosphorylation-deficient RCAN1 (RCAN1-S108A) (i.e., a mutant form of RCAN1 that can no longer facilitate calcineurin activity). Again, like RCAN1, we virally expressed RCAN1-S108A in dissociated neurons to confirm its localization in dendrites and spines (Figure S1, related to Figure 1 ). Expression of RCAN1-S108A in CA1 neurons of hippocampal slice cultures caused a significant increase in AMPA-R-and NMDA-R-dependent synaptic transmission (Figure 1B ), suggesting that a basal level of calcineurin activity, most likely induced by spontaneously occurring synaptic events in slice cultures, is required for maintaining synaptic transmission at a constant level. Following this line of reasoning, we incubated slice cultures with 10 mM Mg 2+ , which has been shown to reduce Figure 1 . Prohibiting the Phosphorylation of RCAN1 at S108 Causes an Increase in Basal Synaptic Transmission (A) Expression of RCAN1 wild type does not alter basal synaptic transmission. AMPA-R and NMDA-R responses of RCAN1-expressing neurons (green) versus non-infected control neurons (black) are shown (AMPA-R-mediated responses n = 17, p = 0.840; NMDA-R-mediated responses n = 9, p = 0.502). (B) Expression of phosphorylation-deficient RCAN1-S108A increases synaptic transmission. AMPA-R and NMDA-R responses of RCAN1-S108A-expressing neurons (green) versus non-infected control neurons (black) are shown (AMPA-R-mediated responses n = 15, p = 0.005; NMDA-R-mediated responses n = 14, p = 0.046). (C) Reducing spontaneous NMDA-R-dependent synaptic activity prevents RCAN1-S108A from increasing synaptic transmission. AMPA-R and NMDA-R responses of RCAN1-S108A-expressing neurons (green) versus non-infected control neurons (black) after overnight incubation of slice cultures with 10 mM Mg 2+ are shown (AMPA-R-mediated responses n = 8, p = 0.846; NMDA-R-mediated responses n = 8, p = 0.833). (D) Preventing the phosphorylation of RCAN1 S112 increases synaptic transmission similar to the effect of RCAN1-S108A. Expression of phosphorylationdeficient RCAN1-S112A (the phosphorylation site necessary to prime GSK3b-dependent phosphorylation at S108) increases synaptic transmission. AMPA-R and NMDA-R responses of RCAN1-S112A-expressing neurons (green) versus non-infected control neurons (black) are shown (AMPA-R-mediated responses n = 11, p = 0.009; NMDA-R-mediated responses n = 10, p = 0.032). Figure S1 . spontaneous synaptic activity [16] , and found that the effect of RCAN1-S108A on synaptic transmission is abolished ( Figure 1C ).
RCAN1-WT
Previous work suggested that the phosphorylation of RCAN1 S108 by GSK3b is in part dependent on prior phosphorylation of the nearby S112 by mitogen-activated protein kinases MAPKs [17] . Consistent with these results, we found that expression of S112 phosphorylation-deficient RCAN1 (RCAN1-S112A) has the same effect on basal synaptic transmission as RCAN1-S108, i.e., an increase in AMPA-R-and NMDA-R-dependent synaptic transmission ( Figure 1D ; RCAN1-S112A localization to dendrites and spines in dissociated neurons: Figure S1 , related to Figure 1 ).
Our results so far suggest that RCAN1-S108A blocks calcineurin activity and that low basal calcineurin activity is required to prevent the synapse from getting spontaneously potentiated. Consistent with this interpretation and with earlier reports describing that a constitutive block of calcineurin causes an increase in basal synaptic transmission [18] , we found that the incubation of hippocampal slice cultures with the calcineurin inhibitor FK-506 causes an increase in the amplitude of synaptic miniature events ( Figure Figure 2 ) allowed us to provide further direct evidence that calcineurin inhibition is indeed responsible for the effects seen with RCAN1-S108A ( Figure 1B ). To this end, we designed an occlusion experiment with the rationale that if RCAN1-S108A increases synaptic transmission by inhibiting calcineurin, then blocking calcineurin activity in all neurons with FK-506 should occlude the effect of RCAN1-S108A on synaptic potentiation. We found that the difference in synaptic transmission between control neurons and RCAN1-S108Aexpressing neurons was abolished with FK-506 incubation (Figure 2A) , indicating that the observed increase of synaptic transmission is indeed mediated by the enhanced RCAN1-S108A-dependent inhibition of calcineurin.
We next wanted to show that GSK3b is indeed the upstream kinase that regulates S108 phosphorylation in RCAN1. Several research groups have shown that constitutively active GSK3b induces synaptic depression [19] [20] [21] [22] . We therefore cloned constitutively active GSK3b (GSK3b-S9A) with our RCAN1 constructs into a dual promoter viral expression vector. Expression of GSK3b-S9A together with wild-type RCAN1 induced synaptic depression of AMPA-R-and NMDA-R-mediated synaptic currents ( Figure 2B ). Interestingly, when co-expressed with the phosphorylation-deficient RCAN1-S108A, the effect of constitutively active GSK3b was reversed, and instead of synaptic depression, we again observed an increase in synaptic transmission ( Figure 2C ), indicating that the phosphorylation of RCAN1 at S108 by GSK3b is a necessary event for GSK3b-dependent induction of synaptic depression.
Preventing RCAN1 Phosphorylation at S108 Impairs LTD GSK3b and calcineurin are two key proteins involved in the induction of LTD. Thus, we hypothesized that the phosphorylation of RCAN1 at S108 could be the missing link that connects GSK3b activation to calcineurin regulation in LTD. We therefore tested whether the phosphorylation of RCAN1 at S108 is a necessary requirement for the induction of LTD. Expression of RCAN1 wild type had no effect on LTD induction when compared to LTD in uninfected control neurons ( Figures 3A and 3B ). However, we observed a complete block of LTD in neurons expressing RCAN1-S108A ( Figure 3C ), indicating that phosphorylation of RCAN1 at S108 is a necessary step in the LTD induction pathway.
Preventing RCAN1 Phosphorylation at S93 Impairs LTP Having established its role for the induction of LTD, we turned our attention to the potential involvement of RCAN1 in LTP. The calcium influx in NMDA-R-dependent LTD allows Ca 2+ / calmodulin to activate calcineurin [23] . In LTP, however, calcineurin activity needs to be suppressed despite the large Ca 2+ influx after NMDA-R activation [2, 3] . PKA kinase has been described to cause a suppression of calcineurin activity during induction of LTP [2, 3] , but the underlying molecular mechanism remained unknown.
Interestingly, PKA phosphorylates RCAN1 at S93, leading to an increase in RCAN1-dependent calcineurin inhibition [9] . We therefore hypothesized that during LTP induction, Ca 2+ influx would in principle cause an increase in calcineurin activity; however, PKA-dependent S93 phosphorylation of RCAN1 causes increased inhibition of calcineurin and is thereby preventing calcineurin activation in LTP. To test this hypothesis, we created an S93 phosphorylation-deficient RCAN1 construct (RCAN1-S93A), i.e., a mutant whose inhibitory function on calcineurin is no longer augmented by PKA. First, we tested whether the expression of RCAN1-S93A affects AMPA-R-or NMDA-R-mediated basal synaptic transmission. Differently from RCAN1-S108A, we did not observe any changes in basal synaptic transmission with RCAN1-S93A ( Figure 4A ). Next, we tested for effects on LTP. The expression of RCAN1 wild type did not affect the induction of LTP when compared to uninfected control neurons ( Figures 4B and 4C ). However, expression of phosphorylation-deficient RCAN1-S93A ( Figure 4D ) or blocking PKA activation in general with the PKA inhibitor KT5720 ( Figure S3 , related to Figure 4 ) caused LTP impairment. Thus, our data suggest that PKA-dependent S93-phosphorylated RCAN1 is a prerequisite for the induction of stable LTP. To determine whether the lack of enhanced calcineurin inhibition is indeed underlying RCAN1-S93A-dependent impairment of LTP, we designed an occlusion experiment with FK-506 similar to the one in Figure 2A . The rationale was that if LTP induction is impaired due to a fail of RCAN1-S93A to efficiently block enough calcineurin activity, then incubating neurons with the calcineurin inhibitor FK-506 should rescue LTP induction in neurons expressing RCAN1-S93A. Thus, we first had to test whether FK-506 alone would affect LTP induction and then whether FK-506 could rescue impaired LTP induction in RCAN1-S93A-expressing neurons. While FK-506 did not affect LTP induction in control neurons ( Figure 5A ), it completely rescued LTP in RCAN1-S93A-expressing neurons ( Figure 5B ), indicating that the enhanced calcineurin inhibition by S93-phosphorylated RCAN1 is indeed a necessary step for the induction of LTP.
The Effects of RCAN1 Phosphorylation at S108 and S93 on Synaptic Plasticity Are Pathway Specific Finally, we wanted to test whether prohibiting phosphorylation of RCAN1 at the GSK3b site affects only LTD, but not LTP, and vice versa, whether prohibiting phosphorylation of RCAN1 at the PKA site only affects LTP, but not LTD. While the expression of RCAN1-S93A (PKA site) caused impaired LTP induction (Figure 4D) , we observed no effect on LTD ( Figure 6A ). Vice versa, while RCAN1-S108A (GSK3b site) prohibited LTD induction (Figure 3C) , it had no effect on LTP ( Figure 6B ). These results suggest that the differential phosphorylation of RCAN1 affects only its specific corresponding synaptic plasticity paradigm and that the differential phosphorylation of RCAN1 during LTP by PKA and LTD by GSK3b lets RCAN1 act like a switch in regulating bidirectional plasticity.
DISCUSSION
Synaptic plasticity is regulated through the intricate interplay of kinases and phosphatases. The activation of the phosphatase calcineurin has very early on been identified as an important event in the regulation of LTD [1] . Here, we show that the sitespecific phosphorylation of RCAN1 by GSK3b is a necessary step in the regulation of calcineurin-dependent LTD induction. Furthermore, we find that the active suppression of calcineurin Figure 2 . RCAN1 S108 is Phosphorylated by GSK3b and Executes Its Effects on Synaptic Transmission through the Regulation of Calcineurin (A) The increase of synaptic transmission by RCAN1-S108A occurs through the regulation of calcineurin. The effect of RCAN1-S108A is occluded by incubation with the calcineurin inhibitor FK-506. AMPA-R and NMDA-R responses of RCAN1-S108A-expressing neurons (green) versus non-infected control neurons (black) after overnight incubation of slice cultures with FK-506 (1 mM) are shown (AMPA-R-mediated responses n = 11, p = 0.467; NMDA-R-mediated responses n = 9, p = 0.709). (B and C) GSK3b phosphorylation of RCAN1 S108 is a necessary step in GSK3b-dependent synaptic depression. (B) Constitutive active GSK3b (GSK3b-S9A) induces synaptic depression. AMPA-R and NMDA-R responses of neurons expressing RCAN1 wild type together with constitutive active GSK3b-S9A (green) versus non-infected control neurons (black) are shown (AMPA-R-mediated responses n = 24, p = 0.037; NMDA-R-mediated responses n = 21, p = 0.024). (C) Preventing RCAN1 phosphorylation at S108 by GSK3b reverses GSK3b-S9A-dependent synaptic depression. AMPA-R and NMDA-R responses of neurons expressing RCAN1-S108A together with constitutive active GSK3b-S9A (green) versus non-infected control neurons (black) are shown (AMPA-R-mediated responses n = 11, p = 0.022; NMDA-R-mediated responses n = 11, p = 0.028). activity by RCAN1 after its phosphorylation at a PKA site is of critical importance for the induction of LTP. Both findings suggest that site-specific phosphorylation of RCAN1 is regulating bidirectional synaptic plasticity (see model in Figure 7 ). RCAN1-deficient mice as well as RCAN1-transgenic mice display similar deficits in synaptic plasticity [6, 7] , suggesting that a simple dosage effect is insufficient to explain the effects of RCAN1 on synaptic plasticity. For this reason we opted for and conducted an overexpression study with different phosphorylation-deficient mutants of RCAN1 to elucidate the role of RCAN1 phosphorylation in regulating bidirectional synaptic plasticity, albeit the inherit potential drawback that comes with overexpression studies in allowing a permissive role of RCAN1 to occur.
RCAN1-S108A + 1 μM FK506
We show that blocking RCAN1 phosphorylation at S108 or S112 increases synaptic transmission ( Figures 1B and D) . Blocking RCAN1 at these sites prevents the activation of calcineurin, suggesting that a basal activity level of calcineurin at synapses is required for maintaining synaptic transmission at a constant level. Furthermore, as earlier reports suggested [18] , we also observe an increase in basal synaptic transmission after overnight inhibition of calcineurin by FK-506 ( Figure S2 , related to Figure 2 ). Since calcium is required for calcineurin activity, our results are in line with the observation that chelating all intracellular calcium and thereby blocking calcineurin activity induces synaptic potentiation [24] . Interestingly, calcineurin activates the tyrosine phosphatase STEP, which acts on NMDA-R dephosphorylation [25] . Furthermore, constitutive STEP activity acts as a ''tonic break'' on synaptic potentiation, and blocking endogenous STEP activity causes an increase in NMDA-R-dependent basal synaptic transmission [26] . It thus appears that the constitutive activity of certain phosphatases controls the ''steady state'' of basal synaptic transmission, suggesting that these phosphatases could be involved in regulating synaptic scaling and homeostatic plasticity.
Our result in Figure 1C , where 10 mM Mg 2+ abolishes the effects of RCAN1-S108A, suggests furthermore that spontaneous activity regulates this synaptic scaling. Two underlying hypothetical mechanisms could account for the result in Figure 1C . First, in neurons expressing RCAN1-S108A, calcineurin is inhibited to the effect that spontaneous activity induces a potentiation in synaptic transmission, i.e., reducing spontaneous activity with 10 mM Mg 2+ blocks this potentiation. Second, reducing spontaneous activity causes a reduction in calcineurin activity in uninfected control neurons, thereby allowing the control neurons to get potentiated to the same level as RCAN1-S108A-expressing neurons. S108 in RCAN1 is phosphorylated by GSK3b, a kinase that has been shown to be critically involved in the induction of LTD [12, 13] and that directly phosphorylates proteins like KLC-2 or PSD-95, which are involved in mediating glutamate-receptor endocytosis during LTD [27, 28] . Initially, dephosphorylation of S9 in GSK3b resulting in GSK3b activation could occur through phosphatase 1 (PP1), which is directly activated through NMDA-R stimulation [29] (see model in Figure 7 ).
GSK3b-dependent phosphorylation of RCAN1 at S108 will relieve the inhibitory function of RCAN1 on calcineurin and thereby activate calcineurin. Calcineurin in turn could further dephosphorylate the critical S9 in GSK3b and thereby increase GSK3b activity [30] . Furthermore, it has been suggested that calcineurin could activate PP1 by dephosphorylating and thereby inactivating the PP1 inhibitor-1 protein [1] , placing PP1 up-as well as downstream of calcineurin. Thus, the regulated phosphorylation of RCAN1 by GSK3b and the subsequent activation of calcineurin during LTD induction could lead to a positive feedback loop that would amplify calcineurin and PP1 activation and thereby amplify the LTD signaling cascade.
However, phosphorylation at S108 does only occur after phosphorylation of RCAN1 at S112 [17] . p38 MAPK is among the different kinases that had been described to phosphorylate S112 [7] . Again, like GSK3, p38 MAPK has been described to play a role in the induction of NMDA-R-dependent LTD [31, 32] . Thus, both phosphorylation sites in RCAN1 are targeted by kinases that are activated during the induction of LTD. Our data support the view that only the simultaneous action of two kinases causes RCAN1 to relieve its inhibition of calcineurin and allows induction of LTD. It therefore appears that RCAN1 dual phosphorylation at S108/112 is part of a tight regulatory mechanism that limits the accidental activation of calcineurin and the induction of synaptic depression. The phosphorylation of RCAN1 by multiple independent kinases therefore resembles the tight regulation of synaptic potentiation seen during LTP, where for example the insertion of GluA1 AMPA-Rs is regulated through the concerted phosphorylation by PKA, PKC, and CAM-KII [14] . Soon after establishing the role of calcineurin activation in LTD, it became evident that calcineurin inhibition is a critical event for the induction of LTP [2, 3] . Furthermore, these studies showed that PKA and calcineurin have antagonistic effects and that PKA-dependent inactivation of calcineurin occurs during LTP induction. However, the link between PKA and calcineurin remained elusive. Our result that PKA phosphorylation-deficient RCAN1-S93A leads to impaired LTP induction ( Figure 4D ), which can be overcome by blocking calcineurin activity with FK-506 ( Figure 5B ), suggests that RCAN1 phosphorylation at S93 is the underlying mechanism of PKA-dependent blockade of calcineurin activity during LTP. Esteban et al. demonstrated that PKA activation is necessary and sufficient to induce synaptic potentiation in hippocampal slices from younger rats [15] . Afterward, Yasuda at al. demonstrated that PKA plays a significantly larger role for LTP induction during postnatal development when synaptic connections are refined than at later stages, i.e., in slices obtained from more mature rats [33] . As such, we cannot exclude that the necessity of enhanced RCAN1-dependent blockade of calcineurin for LTP induction might be restricted to an early neurodevelopmental phase.
To conclude, our results on the phosphorylation of RCAN1 by GSK3 and its effects on calcineurin activation provide for the first time a direct mechanistic link between two prominent key regulators of synaptic depression, GSK3b and calcineurin, thereby connecting the two signaling cascades known to be involved in LTD: NMDA-R-dependent activation of GSK3b and calcineurin-dependent dephosphorylation of glutamate receptors and glutamate receptors associated proteins, which trigger glutamate receptor endocytosis [34, 35] . In addition, we show that the active suppression of calcineurin activity by RCAN1 after RCAN1 S93 phosphorylation is of critical importance for the induction of LTP. This result closes a prominent two-decadesold gap in our understanding of LTP induction by providing a molecular mechanism as to how PKA counteracts calcineurin activity and thereby relieves the inhibitory constraint calcineurin has on the induction of LTP [2] .
In summary, our results demonstrate that the differential phosphorylation of RCAN1 is causing decreased calcineurin activity in LTP and increased calcineurin activity in LTD and establish RCAN1 as a switch for the regulation of bidirectional synaptic plasticity (see model in Figure 7 ).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Figure 6 . The Effects of RCAN1 Phosphorylation at S108 and S93 on Bidirectional Synaptic Plasticity Are Pathway Specific (A) Induction of LTD is not affected by RCAN1-S93A. Normalized synaptic responses in the control pathway (black) and the LTD pathway (red) in neurons expressing RCAN1-S93A are shown (n = 8, p = 0.006).
(B) Induction of LTP is not affected by RCAN1-S108A. Normalized synaptic responses in the control pathway (black) and the LTP pathway (green) in neurons expressing RCAN1-S108A are shown (n = 6, p = 0.031). During LTD induction, NMDA-R engagement is activating PP1, which dephosphorylates and thereby activates GSK3b [20] . GSK3b then phosphorylates RCAN1 S108 and thereby alleviates the inhibition of RCAN1 on calcineurin, allowing the induction of LTD. During LTP induction, NMDA-R engagement leads to the activation of the PI3K/Akt pathway, resulting in the phosphorylation and inactivation of GSK3b [20] . Furthermore, activated PKA phosphorylates RCAN1 S93 and thereby enhances the inhibitory effect of RCAN1 on calcineurin, allowing the induction of LTP.
STAR+METHODS KEY RESOURCES TABLE LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jannic Boehm (jannic.boehm@umontreal.ca). This study did not generate new unique reagents.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Sprague-Dawley rats were used for preparing organotypic hippocampal slice cultures as well as for cultures of dissociated hippocampal neurons. After delivery, all rats were allowed to acclimatize for a minimum of 3 days. For organotypic hippocampal slice cultures, the brains from p7 old rats were prepared and immediately chilled in ice cold slice preparation medium (1 mM CaCl 2 , 5 mM MgCl 2 , 4 mM KCl, 26 mM NaHCO 3 , 10 mM D-glucose, 8% sucrose, 0.5% phenol red, 0.22 mm sterile filtrated and bubbled with carbogen). Using a stereomicroscope, hippocampi were prepared and afterward cut into 400 mm thick slices with a tissue slicer. Slices were placed onto tissue culture inserts and incubated with slice culture medium (reconstituted MEM supplemented with 1 mM CaCl 2 , 2 mM MgSO 4 , 1 mg/L insulin, 0.5 mM ascorbate, 5 mM NaHCO 3 , 30 mM HEPES, 2.3 g/L glucose and 20% heat inactivated horse serum; pH adjusted to 7.27-7.29, osmolarity adjusted to 317-323 mOsm, 0.22 mm sterile filtrated) at 37 C and 5% CO 2 for 8-10 days. The slice media was changed every 2 days. CA1 pyramidal neurons were infected with viral solution 16 h prior to recording, using a thin glass electrode in combination with a pico-spritzer. Restricted local CA1 expression was confirmed by analyzing GFP expression.
For cultures of dissociated hippocampal neurons, the brains from E18 rat embryos were collected in ice cold EBSS containing 10 mM HEPES. After removal of the meninges, hippocampi were dissected and neurons dissociated for 15 min in a 0.25% trypsin solution at 37 C. Cells were pelleted and then slowly resuspended in EBSS (complemented with 10 mM HEPES and 2.2 g/L BSA) with a fire polished Pasteur pipette. This washing step was repeated three times, before neurons were counted and then plated at 80.000 cells/mL onto Poly-D-lysine/laminin coated coverslips in alpha-MEM (complemented with 5% FBS and 6g/L glucose). After 2 h, after neurons attached to the coverslips, the medium was exchanged with Neurobasal medium (complemented with 2% FBS, 1 mL/50 mL B27 and 125 ml/50ml GlutaMAX). One third of the medium was replaced every 3 days (older neurons every 2 days) with Neurobasal medium (containing 1 mL/50 mL B27 and 125 ml/50ml GlutaMAX). REAGENT 
